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Solvent isotope effect and

protein stability

George I. Makhatadze', G. Marius Clore? and Angela M. Gronenborn?

Here we present a comparative study of the stability of several proteins in H,0
and D,0 as a function of pH/pH*. We show that the substitution of D,0 for H,0
leads to an increase in the transition temperature and a decrease in the enthalpy
of unfolding. The stability of the proteins, however, appears to be largely
unchanged as a result of entropic compensation for the decrease in enthalpy. This
enthalpy-entropy compensation is attributed to changes in hydration of proteins in
D,0 compared to H,0. Analysis of thermodynamic data for the transfer of model
compounds from H,0 to D,0 shows that almost all the changes in the enthalpy of
unfolding and in the protein-ligand interactions due to water isotopic substitution
can be rationalized by changes in hydration of the buried non-polar groups.

The interaction of solvent with a polypeptide chain is
believed to constitute one of the major driving force in
protein folding'~* and one of the principal determinants
of protein stability®?, In the case of soluble proteins the
solvent is water. Direct experimental estimates of the role
of water in the stability of proteins can be obtained from
solvent perturbation experiments. The mildest
perturbant for ‘light’ water (H,0) is its isotopic ‘heavy’
form (D,0). D,0 appears to have physical properties not
very distinct from light water so that its substitution for
H,O causes the smallest possible solvent perturbation'®
" In order to obtain a better understanding of the ther-
modynamics of the interaction of water with proteins,
we have undertaken a study of the solvent isotope effect
(that is the effect of H,O versus D,0) as a function of
pH/pH* on the stability of three proteins, bovine ribo-
nuclease A (RNase), horse cytochrome ¢ (Cyt-c) and hen
egg lysozyme (HEL) using high sensitivity microcalo-
rimetry.

Protein unfolding in H,0/D,0

Two sets of scanning microcalorimetry experiments were
performed: denaturation of deuterated proteins (d-pro-
teins) in D,0 and denaturation of undeuterated proteins
(h-proteins) in H,O. We observe that the pH/pH™ de-
pendence of the transition temperature, is not linear, but
seems to plateau at pH/pH* values around 5 to 6 (Fig.
1a). This is most pronounced for RNase and HEL. This
behaviour can be directly attributable to the protona-
tion in this pH/pH* range of titratable groups that in-
fluence protein stability (namely Asp and Glu residues
involved in salt bridges which titrate with a pK_of 3.5~

4.0, and in the case of Cyt-c the haem-ligating histidine,
as well). It appears that the changes in transition tem-
perature occur in a parallel fashion for h-proteins and
d-proteins in H,0 and D,0, respectively. At pH/pH* 4
the transition temperatures of the three proteins are only
minimally dependent on pH/pH*. This is reassuring
because the observed changes in the transition tempera-
tures in H,0 and D,0 under these conditions are least
influenced by the possible difference in the determina-
tion of the activity of hydrogen or deuterium using a
glass electrode. The transition temperature of the d-pro-
teins in D, is always somewhat higher than that of the
h-proteins in H,O (Fig. 1a).

In all three cases studied, the enthalpy of unfolding,
AH*(T), of d-proteins in D,0 is lower than that for h-
proteins in H,O (Fig. 1b). At 25 °C the difference is of
the order of 60 k] mol . The slope of AH**(T ) asa func-
tion of the transition temperature, T , represents the heat
capacity change upon unfolding, AC,, which is an im-
portant parameter for calculating the temperature de-
pendence of stability. Using the experimental values of
T,AC, and AH?®(T,), we can obtain the Gibbs energy of
protein unfolding at 25 °C, AG(25 °C), which is a mea-
sure of protein stability (Fig. 1¢). There are distinct dif-
ferences in the stabilities of the three proteins in D,O
and H,0. In the case of RNase the stabilities in D,O and
H,O are comparable, while in the case of HEL and
Cyt-c the stability in H,O is slightly higher than that in
D,0. Changes in the Gibbs energy of unfolding of d-
proteins in D,0 and h-proteins in H,O are of the order
of 6 k] mol", a factor of 10 smaller than the changes in
the enthalpy of unfolding, obviously due to compensat-
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ing changes in entropy. Such enthalpy-entropy compen-
sation phenomena have been observed in many systems,
particularly for the transfer'? of ions and non-electro-
lytes from H,O to D,0, and have been hypothesized to
be a very specific feature of water". We therefore suggest
that the difference in stability is most likely related to the
differences in the hydration of buried protein groups in H,O
and D,O. Experimental data on the Gibbs energy of trans-
fer of model compounds from H,0 to D,0, A% G, are
limited and absolute values vary considerably due to the
small magnitude of the observed changes'*"’. Neverthe-
less, these data on model compounds can be used to obtain

estimates of the contributions of polar and non-polar
groups to A %9 G. Analysis of the model compound
data'*"" obtained at 25°C shows that both polar and non-
polar groups have small negative contributions to the
Gibbs energy of transfer from H,0 to D0, thus pre-
dicting a small decrease in protein stability in D,O rela-
tive to H,O. This, however, only provides a qualitative
description of the observed changes in stability of pro-
teins due to the solvent isotope effect. Other alternative
explanations, such as changes in electrostatic interactions
due to small shifts in the pK s of protein groups upon
solvent isotopic substitution, cannot be excluded.
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Fig. 1 Results of calorimetric experiments in H,0 (open symbols) and D,0 (filled symbols) fgr' bovine ribonuclease A
(0,®), hen egg lysozyme (O, M) and horse cytochrome ¢ (<. 9). a, Dependence of the transition temperature, T, on
the pH/pH*. b, Dependence of the enthalpy of unfolding, AH®®(T )}, on the transition temperature, T,. The slopes
which represent the heat capacity change upon unfolding (AC, k) K- mol") are 4.8+0.4 (d-RNase), 5.2+0.3 (h-RNase),
6.7+0.3 (d-HEL), 6.7+0.2 (h-HEL), 4.7+0.2 (d-Cyt-c) and 5.5= 0.3 (h-Cyt-c). ¢, Dependence of the Glpbs energy of
unfolding at AG (25°C), on the pH/pH*. AG (25°C) values were calculated using Gibbs-Helmholtz equation :

298

AG(25°Q)=AH=(T)-(1-22)-(T,-298)-AC,+AC, 298-In-[

v

T
o
298 ]

where T, is transition temperature expressed in degrees Kelvin. It was assumed thatAC, does not depend on temperature
and can be taken as the slope of a linear fit of the AH*® (T) dependence on T, (Fig. 1b). Although in the strictest sense
there is a dependence of AC_on temperature®, the above assumption would not _affect the calculated Gibbs energy
significantly, as AC, is expected to have a very similar temperature dependencies in D,0 and H,0.
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The observed differences in the enthalpy of un-
folding,

UAD,O Iyexp_ AU
ANAaioH ?P=ALH(D,0)~A YH(H,0)
can be subdivided into two components®:
A UAD.O H=p=A UAD,0 [fwvd 4 AU AD Fint
NTHO NTHO N

where AJAD: 8H“Y‘i reflects differences in the enthalpy of
hydration, ahd ANAfH"" reflects changes in the enthalpy
of internal interactions due to isotopic substitutions of
exchangeable groups in the protein. The latter will
primarily arise from changes in the strength of hydrogen-
bonding interactions. The fact that there is an enthalpy-
entropy compensation, specifically attributed to the
aqueous solution, implies that hydration is probably
responsible for the observed consequences of solvent
isotopic substitution. The question, however, is to what
extent changes in the hydration of buried protein groups
are responsible for the observed behaviour of the
enthalpy of unfolding of d- and h-proteins, and,
concomitantly, how large are the changes in the internal
interactions.

Model compounds in H,0/D,0

A possible way to quantify the observed differences in
the enthalpies of unfolding of d- and h-proteins is
suggested from an analysis of the transfer of model
compounds from H,O to D,0. Three different types of
compounds (alcohols, amino acids and alkylamides)
have been studied extensively'>'” and their enthalpies of
transfer from H,O to D,0O have been measured at 25 °C.
A plot of the enthalpy of transfer of these compounds
from H,O to D,0, ADP:OH, versus the non-polar water-
accessible surface area, ASA | reveals two significant
features (Fig, 2). First, the dependence of A 38 Hon
ASA_ within each series of compounds is linear,
1nd1cat1ng the additivity of the enthalpy of transfer. The
slopes of these dependencies are not very different, with
a deviation of only 20% from the average value of -10 J
mol’ A2 This value represents the enthalpic
contribution of 1 A? of non-polar ASA upon transfer
from H,0 to D,0O regardless of the type of compound.
Second, the extrapolation to zero non-polar ASA yields
values for the three sets of compounds that are close to
zero. This indicates that the polar surface, at least to a
first approximation, does not contribute significantly to
the enthalpy of transfer of these series of compounds
from H,0 to D,0 at 25 °C. Correspondingly, since polar
groups form hydrogen bonds with water, the enthalpies
of these hydrogen bonds in both H,0 and D,O are very
similar, and the small negative A 2.0G of transfer is due
to the small positive changes of éntropy of solvent'.
Thus, analysis of the enthalpy of transfer of model
compounds from H,O to D,0 at 25 °C shows that the
contribution of polar groups to the enthalpy of transfer
can be neglected and that the major contribution of
-1022 ] mol* A2 arises from changes in hydration of the
non-polar surface. A similar value (-8 ] mol! A?) has
been obtained'® from the analysis limited to a smaller
set of model compounds?.

Solvent isotope effect
As a result of protein unfolding, non-polar groups buried
in the interior of the protein become exposed to solvent.
Knowing the buried non-polar surface area’,
AJASA o» Of RNase A, HEL and Cyt-c and knowing the
contribution arlslng from changes in hydration of non-
polar surfaces in H,O and D,O obtained from model
compounds, we can obtain the enthalpy changes
expected for the changes in hydration in HZO versus in
D,0 upon unfolding of these proteins, AyAr0H™ (Table
) It appears that all the differences in AU A, ‘O’H""P canbe
accounted for by the changes in the hydratlon of non-
polar groups in D,0O and H,O. The enthalpy of protein-
ligand interactions can also be rationalized in the same
terms (Table 1). For example®, the difference in the
enthalpy of association of concanavalin A (ConA) with
o-methyl-D-mannopyranoside (MeMan) in H,0 and
D,O is 2.1 k] mol™ at 25 °C. According to our estimates
(see Methods) 173 A2 of non-polar surface area is buried
upon complex formation, which predicts an enthalpy
change of 1.7 k] mol"'. Thus, changes in the hydration of
non-polar groups in D,0 compared to H,O describe, on
a quantitative level, the observed changes in enthalpy for
protein folding in D,O and H,0, as well as protein ligand
interactions. These changes in enthalpy of hydration of
non-polar groups are largely compensated by the changes
in entropy, so that the resulting stability remains largely
unchanged.

Implications

The results presented in this paper have three major im-
plications for the study of protein stability: i) the contri-
bution of hydration to the stability of proteins is very sig-
nificant, since even apparently small changes in the nature
of solvent water, such as an H to D substitution, leads to
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Fig. 2 Dependence of the enthalpy of transfer from H,0
to D,O, AlroH, for amino acids'? (®), alcohols'” (®) and
aIkyIamldes12 (#) at 25 °C on the non-polar water-
accessible surface areas, ASA__, of these compounds. The
best fit slopes of the lines are -11x1 J mol A2 121
mol' A2 and -8+1 J mol' A? respectively. The average
slopeis -10+2 J mol” A2,
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Table 1 Solvent isotope effects on thermodynamics of unfolding

and binding
U A DO fyex U AD,

System Process AASA . AARG He A Aggthyd

Az kJ-mol”’ kJ:mol-’
Cytochrome unfolding 4942’ -43+11 -49 + 9°
Ribonuclease A unfolding 5273’ -63+£13 -53+10°
Lysozyme unfolding 63651 -72+15 -64+13°
ConA-MeMan binding -1732 2.1+0.13 1.7+0.3%
FKBP-FK506 binding -697?2 7.6+2.94 7.0+1.4°

'Taken from ref. 9

2Calculated as described in Methods

3Data from ref. 20

‘Data from ref. 31;

*Calculated as A JA gnghYEk-ANUASAan, where k=(-1022) J-mol-'A2 (see Fig. 2
for details), and assuming that uncertainties arise only from k.

considerable changes in the thermodynamic behaviour
of proteins; ii) hydration effects, at least to a close ap-
proximation, are additive that is, they can be scaled with
the water-accessible surface area; i) the study of pro-
tein stability requires an analysis of its therrnodynamics
not only in terms of the Gibbs energy but also in terms
of enthalpy and entropy, because the enthalpy-entropy
compensation taking place in aqueous solution may ob-
scure important details of the overall energetics involved
in protein folding.

Acknowledgements 1. Eisenberg, D. & Mclachlan, A.D. Solvation energy of protein
This paper s folding and binding. Nature 319, 199-203 (1386}.
dedicated to Professor 2. Dill, K.A. Dominant forces in protein folding. Biochemistry 29,
7133-7155(1990).
L 3. Pace, C.N. Contribution of the hydrophobic effect to globular
!nspmng and . protein stability. J. molec. Biol. 226, 29-35 (1992).
innovative leadership 4. Yang, A.S., Sharp, K.A. & Honig, B. Analysis of the heat capacity
in the field of protein  dependencies of protein folding. J. molec. Biol. 227, 889-900 (1992).
folding and stability. 5. Spolar, R.S. & Record, Jr, M.T. Coupling of local folding to site-
This work was specific binding of proteins to DNA. Science 263, 777-784 (1994).
supported by grants 6. Baldwin, R.L. Temperature dependence of the hydrophobic
from NIH (G.IM.) and interaction in protein folding. Proc. natn. Acad. Sci. U.S.A. 83, 8063-
by the AIDS Targeted 5072 (1986). 4 - ‘ ,
Anti-Viral P < 7. Privalov, PL. & Gill, S.J. Stability of protein structure and hydrophobic
nti-viral Frogram o interactions. Adv. Protein Chemn. 39, 191-234 (1988).

Peter L. Privalov's

the Office of the 8.  Ben-Naim, A. Solvent effects on protein association and protein
Director of the folding. Biopolymers 29, 567-596 (1990).

National Institutes of 9.  Makhatadze, G.| & Privaloy, PL. Energetics of protein structure. Adv.
Health (to G.M.C and Protein Chem. 47, 307-425 (1995).

AM.G). 10. Nemethy, G. & Scheraga, H.A. Structure of water and hydrophobic

bonding in proteins. IV. Thermodynamic properties of liquid deuterium
oxide. /. chem. Phys. 41, 680-689 (1964).

11. Marcus, Y. & Ben-Naim, A. A study of the structure of water and its
dependence on solutes based on the isotope effects on solvation
thermodynamics in water. J. chem. Phys. 83, 4744-4759 (1985).

12. Arnett, E.M. & McKelvey, D.R. Solvent isotope effect on
thermodynamics of nonreacting solutes. in Solute-Solvent Interactions, (J.F.
Coetzee & C.D. Ritchie, Eds.) 343-398 (Marcel Dekker, New York & London;
1969).

13.  Lumry, R. &Rajender, S. Enthalpy-entropy compensation phenomena
in water solutions of proteins and small molecules: a ubiquitous property
of water. Biopolymers 9, 1125-1227 (1970),

14. Dahlberg, D.B. Aqueous solution structure as determined from
thermodynamic parameters of transfer from water to heavy water. /.
phys. Chem. 76, 2045-2050 (1972).

15. Ben-Naim, A., Wilf, J. & Yaacobi, M. Hydrophobic interaction in
light and heavy water. J. phys. Chem. 77, 95-102 (1975).

16. Scharlin, P. & Battino, R. Solubility of 13 nonpolar gases in
deuterium oxide at 15-45°C and 101.325 kPa. J. Solution Chem. 21,
67-91(1992).

17. Kresheck, G.C., Schneider, H. & Scheraga, H.A. The effect of D,0
on the thermal stability of proteins. Thermodynamic parameters of the
transfer of model compounds from H,0 to D,O. /. phys. Chemn. 69, 3132—

nature structural biology volume 2 number 10 october 1995

Methods

The purity of the commercially available proteins (Sigma) was
checked by SDS-PAGE and found to be >95%. Deuteration of
exchangeable protons (amides, hydroxyls, and so on) was carried
out under alkaline solvent conditions for a period of several days
at 35°C. Completeness of deuteration was followed by the
disappearance of the backbone amide resonances in the NMR
spectra. Prior 1o the calorimetric experiments protein solutions
were extensively dialyzed against two changes (2x0.5 ) of the
corresponding buffers, based on D,0 or H,0, with the pH
controlled using a glass electrode. The apparent pH reading of
the glass electrode, pH*, can be related to the activity of deuterium
ions, pD, by means of the relationship?' pD=pH*+0.4. It has been
shown, however, that the effect of solvent isotopic substitution
on the pK, of protein groups is just the opposite to the changes
of pH* measured by the glass electrode??. Thus the same ionization
state of proteins in D,0 and H,0 can be approximated at the
same readings of the glass electrode. The concentration of proteins
in solution was determined spectrophotometrically using extinction
coefficients”® of E }Jy 1o"=7.32 for RNase A, E 115 < =26.9 for HEL
and E 3% <" =9.06 at pH 5.5 for Cyt-c. Details on the procedures
used for the calorimetric measurements, sample preparation and
data analysis are reported elsewhere?".

The solvent-accessible surface area was computed by the
algorithm of Lee and Richards?® using the van der Waals radii
reported by Chothia?®. Protein Data Base?’ files Scna?®
(concanavalin A o-methyl-D-mannopyroniside complex) and 1fkf*¥
(FKBP-FK506), were used for the estimation of water-accessible
surface area changes upon complexes formation.
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